Isoaspartyl sites, in which an aspartic acid residue is linked to its C-flanking neighbor via its ␤-carboxyl side chain, are generally assumed to be an abnormal modification arising as proteins age. The enzyme protein L-isoaspartate methyltransferase (PIMT), present in many bacteria, plants, and animals, catalyzes the conversion of isoaspartate to normal ␣-linked aspartyl bonds and is thought to serve an important repair function in cells. Having introduced a plasmid into Escherichia coli that allows high-level expression of rat PIMT, we explored the possibility that the rat enzyme reduces isoaspartate levels in E. coli proteins, a result predicted by the repair hypothesis. The present study demonstrates that this is indeed the case; E. coli cells expressing rat PIMT had significantly lower isoaspartate levels than control cells, especially in stationary phase. Moreover, the distribution of isoaspartate-containing proteins in E. coli differed dramatically between logarithmicand stationary-phase cultures. In stationary-phase cells, a number of proteins in the molecular mass range of 66 to 14 kDa contained isoaspartate, whereas in logarithmic-phase cells, nearly all of the detectable isoaspartate resided in a single 14-kDa protein which we identified as ribosomal protein S11. The near stoichiometric levels of isoaspartate in S11, estimated at 0.5 mol of isoaspartate per mol of S11, suggests that this unusual modification may be important for S11 function.
Isoaspartyl residues are generated within labile amino acid sequences by deamidation of asparagine or isomerization of aspartate (10, 13) (Fig. 1 ) and may result in diminished enzyme activity or other deleterious functional effects (3, 15) . Protein L-isoaspartate methyltransferase (PIMT) (EC 2.1.1.77) utilizes the active methyl group of S-adenosyl-L-methionine (AdoMet) to methylate the ␣-carboxyl group on isoaspartate residues, producing methyl esters. Spontaneous breakdown of the methyl esters results in a mixture of isoaspartate and aspartate in approximately a 3:1 ratio (reference 4 and references therein). Isoaspartate recycling through this pathway converts most of the original isoaspartate to aspartate (16, 26) .
Several lines of evidence indicate a role for PIMT in protein repair. In vitro incubation of isoaspartate-containing peptides (9, 16, 26) or proteins (3, 15) with mammalian PIMT and AdoMet results in significant conversion of the damaged sites to normal peptide linkages containing aspartate. Experiments using rat PC12 cells grown in the presence of a methylation inhibitor show a pronounced increase in protein isoaspartate levels (17) . Moreover, recent reports have shown that when the mouse gene encoding PIMT is disrupted, cytosolic proteins from the knockout mice have four to eight times more isoaspartyl sites than proteins from the control mice (20, 41) . The PIMT-deficient mice grow at a slower rate than the control mice and die from epileptic seizures when they are 26 to 60 days old. PIMT activity has been detected in procaryotic cells (12, 23, 30) and in animal and plant tissues (references 27 and 31 and references therein).
We previously transformed Escherichia coli with a recombinant plasmid (prIM) encoding rat PIMT and demonstrated that the culture produced active rat PIMT at a high level during stationary phase (6) . In light of the presumed repair function of mammalian PIMT, we hypothesized that proteins in E. coli transformed with prIM have lower levels of isoaspartate than proteins from control cells. We were also interested in determining whether isoaspartyl sites accumulate in bacterial proteins during stationary phase as previously suggested (24) and whether isoaspartyl sites in E. coli are distributed at low levels among many proteins, as expected, or are present in only a few proteins.
In this study, we show that high-level expression of rat PIMT did indeed result in a significant lowering of isoaspartate in E. coli proteins and that stationary phase was associated with the accumulation of isoaspartate in a number of proteins. In the course of this investigation, we made the unexpected discovery that most of the isoaspartate in logarithmic-phase E. coli apparently resided in a single low-molecular-mass protein which we identified as ribosomal protein S11. g for 10 min at 4°C. The pellets were washed twice in buffer A (50 mM Tris Cl [pH 7.5], 1 mM EDTA, 100 mM NaCl, 10% glycerol, 15 mM 2-mercaptoethanol, 100 M phenylmethylsulfonyl fluoride [PMSF] , and stored at Ϫ20°C until used. Pellets were thawed on ice and resuspended in 3.2 ml of buffer A per g of pellet. Cells were lysed by using lysozyme as described previously (6) except RNase was omitted. Lysates were centrifuged at 15,800 ϫ g for 20 min at 4°C. The supernatants were removed and centrifuged at 100,000 ϫ g for 60 min at 4°C. Supernatants were stored at Ϫ20°C until used. Lysis yields ranged from 6 to 17 mg of protein/ml.
Methyl-accepting capacity reactions. Briefly, a 50-l reaction mixture containing 100 mM sodium phosphate (pH 6.8), 25 to 100 g of extract protein, 100 M [ 3 H]AdoMet (specific activity, 500 dpm pmol Ϫ1 ), and 2.7 M PIMT in a 1.5-ml microcentrifuge tube was incubated at 30°C for 30 min. Reactions were stopped and processed in a methanol diffusion assay as previously described (33) .
To determine whether the enzymes used to produce the lysozyme lysis extracts contributed artifactually to the observed isoaspartyl content of the extracts, we assayed samples of lysis buffer containing the same amounts of lysozyme and DNase I used for extract preparation. We detected no significant amounts of isoaspartate in these samples.
Methyltransferase assays. PIMT activity was measured as previously described (1) by using bovine gamma globulins as the methyl acceptor and [ 3 H]AdoMet as the methyl donor.
Gel electrophoresis. Samples were methylated for 10 min at 30°C in 100 mM potassium (2-[N-morpholino]ethanesulfonic acid) (potassium MES) (pH 6.2) containing 38 M [ 3 H]AdoMet (specific activity, 30,000 dpm/pmol) and 2 to 3 M PIMT. The final volume was 6 l. Reactions were processed as described previously (32) . The acidic pH sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gel system of Fairbanks and Avruch was used (7) (10% acrylamide, 0.75-mm-thick gels) followed by fluorography as described previously (17) .
Ribosome preparation. E. coli JM109/p⌬blue cells were grown in LB containing 200 g of AMP per ml at 37°C in 2-liter triple-baffled flasks (500 ml of LB per culture) on a shaker table set at 250 rpm. Logarithmic-phase cells (OD 600 of 1.1) were harvested by centrifugation at 4,640 ϫ g for 10 min. The pellets were washed two times in buffer B (10 mM Tris Cl [pH 7.6], 15 mM MgCl 2 , 500 mM NH 4 Cl, 1 mM dithiothreitol) and stored at Ϫ70°C. After the pellets were resuspended in buffer B, the cells were lysed with a French pressure cell (American Instrument Co.) at 6,000 to 8,000 lb/in 2 . The lysate was centrifuged at 39,200 ϫ g for 45 min. Ribosomes were pelleted by centrifuging the supernatant at 226,000 ϫ g for 3 h. The pellet was resuspended in a small volume of buffer B and stirred overnight at 4°C. The suspension was centrifuged at 39,200 ϫ g for 45 min, and the pellet was discarded. The supernatant was then subjected to another round of ultracentrifugation and resuspension under the same conditions as described above. The final resuspended material was clarified by centrifugation at 12,100 ϫ g for 15 min, and the supernatant was stored at Ϫ70°C until used.
Immunoprecipitation. 70S ribosomes in buffer B were applied to a Pharmacia Micro Spin S-200 HR column equilibrated in a solution containing 50 mM potassium MES (pH 6.2), 200 mM KCl, 1 mM dithiothreitol, 100 M PMSF. This column was used for buffer exchange by following the manufacturer's instructions. Next the 70S ribosomes (390 g of protein) were methylated with 50 M [ 3 H]AdoMet (specific activity, 29,000 dpm/pmol) and 2 M PIMT for 15 min at 30°C in a final concentration of 100 mM potassium MES, pH 6.2. The reaction was stopped by the addition of 10 l of 5 mM S-adenosyl homocysteine, and the reaction mixture was placed on ice. To remove potassium ions, S-adenosyl homocysteine, and unreacted [ 3 H]AdoMet, the reaction mixture was applied to another Micro Spin column equilibrated in a solution of 50 mM sodium MES (pH 6.2), 200 mM NH 4 Cl, and 100 M PMSF. To dissociate r-proteins, the mixture was heated at 50°C for 10 min in the presence of 0.5% sodium dodecyl sulfate (SDS). After cooling, modified radioimmunoprecipitation (RIPA) buffer (11) was added to achieve final concentrations of 50 mM sodium MES (pH 6.2), 150 mM NH 4 Cl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, and 100 M PMSF. Twenty-microliter portions of the methylated, dissociated 70S mixture along with 20 l of modified RIPA buffer were incubated for 1 h at 4°C with 5 l of polyclonal serum raised against purified r-proteins. Next, 100 l of protein A-Sepharose (10% suspension in modified RIPA buffer) was added, and the tubes were gently rotated at 4°C for 1 h. After centrifugation at 11,600 ϫ g for 20 s at 4°C, the supernatants were aspirated and discarded, and the pellets were washed two times in modified RIPA buffer, followed by one wash in 50 mM sodium MES (pH 6.2)-200 mM NH 4 Cl. The pellets were resuspended in 38 mM sodium MES (pH 6.2)-2% SDS-700 mM 2-mercaptoethanol. Samples were heated at 50°C for 10 min and then acidified by the addition of 4 l of a solution containing 0.5 M sodium phosphate (pH 2.4), 50% glycerol, and 1.5 mg of pyronin Y per ml. After centrifugation, 10-l portions of the supernatants were loaded onto an acidic pH SDS-PAGE gel as described above.
Other methods. Protein concentrations were determined by the method of Lowry et al. (25) following precipitation in a final concentration of 5% (wt/vol) trichloroacetic acid. Bovine serum albumin was used as the standard.
RESULTS
Methyltransferase activity and isoaspartate levels in E. coli expressing rat PIMT. To investigate a possible relationship between PIMT activity and protein isoaspartyl content, we grew E. coli JM109 cells transformed with the rat PIMT-expressing plasmid prIM (prIM cells), and as a control, JM109 cells transformed with the expression vector p⌬blue, which lacks the PIMT cDNA. The growth curves of the two cultures were nearly identical as monitored by optical density ( Fig. 2A , upper panel). Hence, bacterial expression of the foreign gene was not detrimental to culture growth. As expected, PIMT activity in the overexpressing cells was always higher than in control cells, and the difference was greatest during stationary phase (25.5 h) when PIMT activity in prIM cell extracts was 70 times that in control cells (15.3 Ϯ 3.4 compared to 0.216 Ϯ 0.032 pmol of methyl/min/mg) ( Fig. 2A, lower panel) .
We examined the molecular mass distribution of isoaspartate-containing proteins in the extracts by methylating the extracts with [ 3 H]AdoMet and PIMT followed by acidic pH SDS-PAGE and fluorography. We used the pH 2.4 gel system of Fairbanks and Avruch (7) to preserve base-labile methyl esters typically generated by PIMT. Surprisingly, analysis of logarithmic-phase cell extracts revealed only one major methyl-accepting protein band which migrated at about 14 kDa (Fig. 2B,  lanes 1, 3, and 4) . Methylation was PIMT dependent; no bands were seen in lanes containing control cell extracts subjected to the methylation conditions lacking exogenous PIMT (Fig. 2B , lanes 2, 6, and 10). As the control cell culture aged in stationary phase, several additional bands of higher molecular mass appeared (Fig. 2B, lane 9) . The major methyl-accepting 14-kDa band in prIM cell extracts almost disappeared from samples harvested in stationary phase at 16 h postinoculation (Fig. 2B,  lane 7) , and a diffuse, light pattern of methyl incorporation was seen in the 25.5-h sample (Fig. 2B, lane 11) . At the 4.5-and 25.5-h time points, prIM cell extracts had fainter bands migrating at 14 kDa in lanes that had no exogenous PIMT included in the methylation reaction mixtures (Fig. 2B, lanes 4 and 12) . 
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These bands were due to methylation catalyzed by the rat PIMT expressed by the cells. In both the prIM and control cell extracts, the heavily methylated 14-kDa protein and the more lightly methylated higher-mass proteins appeared to constitute two distinct classes of methyl acceptors. The overall lower levels of isoaspartate in prIM cell proteins suggested that the highly expressed rat PIMT was retarding the accumulation of isoaspartyl sites. The Coomassie blue staining patterns of the extracts after SDS-PAGE varied with respect to the sample's growth phase but not with respect to the culture identity (Fig. 2B, lanes 13  and 14) . At the earliest sampling point, 4.5 h postinoculation, there was a darkly stained band that migrated at around 14 kDa, and its position matched that of the major methyl-accepting band seen in the fluorograms. In extracts made from cells in late logarithmic or stationary phase, protein migrating at around 14 kDa did not stain as darkly (Fig. 2B, lane 14) , suggesting that the concentration of the methyl acceptor in these extracts was lower than in the logarithmic-phase extracts.
We repeated the methylation reactions, electrophoresis, and fluorography on extracts made from logarithmic-and late stationary-phase E. coli JM109 and DH1 cells to see whether the major methyl-accepting protein(s) was encoded on the plasmid or chromosome. Both JM109 and DH1 extracts showed methylation patterns very similar to that seen with control cell extracts (JM109/p⌬blue) (data not shown). These results indicated that the major methyl-accepting protein(s) was encoded by the E. coli chromosome and was not strain specific.
Identity of the 14-kDa isoaspartate-rich protein. The 14-kDa methyl acceptor appeared to have an overall positive charge. After methylation with PIMT and [ 3 H]AdoMet, extracts made from logarithmic-phase control and prIM cultures were subjected to electrophoresis in a Triton-acetic acid-urea polyacrylamide gel system designed to separate highly basic proteins (39) . Fluorography showed a single band in each extract that migrated near calf thymus histone H2B, which is highly basic and has a molecular mass of 13.8 kDa (data not shown). The intensities of the bands on the fluorogram from the Triton-acetic acid-urea-polyacrylamide gel were comparable to those on SDS-PAGE gel fluorograms, suggesting that most of the 14-kDa methyl acceptor seen in Fig. 2B was associated with a highly basic protein.
The low-molecular-mass, positive charge, and enrichment in logarithmic-phase cultures led us to suspect that the 14-kDa methyl acceptor may be a r-protein. Most E. coli r-proteins have molecular masses between 7 to 25 kDa, are most abundant in logarithmic phase (28a), and are very basic. To explore the idea that the major methyl acceptor was an r-protein, we prepared crude 70S ribosomes from a logarithmic-phase JM109/p⌬blue culture (these cells had previously been used as the control cells in experiments involving cells that overexpress PIMT [see above]). The final fraction containing 70S ribosomes had a methyl-accepting capacity 3.3-fold higher than that of the crude extract. As shown in the Fig. 3A fluorogram, the crude extract contained one major band at around 14 kDa, and this band was enhanced in the 70S ribosome fraction. There was also a faint band in the 70S fraction migrating near the 21.5-kDa molecular mass marker. From these results, we concluded that the 14-kDa substrate was indeed one or more r-proteins.
In the course of our experiments with 70S ribosomes and ribosomal subunits (see below), we found that the 14-kDa substrate could not be methylated when magnesium and ammonium ions (components of the buffer used in ribosome purification) were present at concentrations of 5.0 mM and 170 mM, respectively, but could be methylated when the concentrations of these ions in the reaction mixtures were lowered to 0.26 and 27 mM, respectively. To see whether the effect was substrate or enzyme specific, we tested the ability of PIMT to methylate a synthetic isoaspartyl-containing peptide at various concentrations of magnesium and ammonium ions ( Table 1) . Methylation of the peptide was not inhibited even at the highest concentration of magnesium tested, 22.5 mM, a concentration 4.5-fold higher than was present during methylation of extracts and r-proteins prior to SDS-PAGE analysis. Ammonium ion had a slight inhibitory effect on PIMT methylation when it was present at 200 mM, and no inhibition was seen when it was present at 25 mM. When the highest tested concentrations of magnesium and ammonium ions were included together in the reaction mixture, PIMT methylation of the peptide was inhibited by 34% compared to the control. We conclude that the inability of PIMT to methylate the 14-kDa substrate in the presence of magnesium and ammonium ions was due to an interaction of these cations with the ribosome or with the individual substrate itself and not with the methyltransferase.
To determine whether the 14-kDa substrate was in the 30S, 50S, or both of the ribosomal subunits, we methylated purified subunits with [ 3 H]AdoMet and PIMT and subjected them to SDS-PAGE followed by fluorography. Figure 3B shows that the 14-kDa substrate was solely a component of the 30S subunit. No methylation occurred in the absence of EDTA due to the presence of 5 mM magnesium in the subunit storage buffer (compare lanes 1 and 2 in Fig. 3B ). The ammonium ion concentration in the methylation reaction mixtures was 50 mM. The results in Fig. 3B also demonstrate that the 14-kDa substrate was present in another strain of E. coli, namely, MRE600.
We next used an immunoprecipitation technique to identify which r-protein in the 30S subunit was the 14-kDa substrate. We tested antibodies made against purified r-proteins that were basic and that had molecular masses which fell within 15% of 14 kDa. Our screening included antibodies directed towards S5, S8, S9, S10, S11, S12, S13, and S14. The results shown in Fig. 3C are from a typical experiment and indicate that r-protein S11 was the only significant methyl acceptor. Radiolabel precipitated by antibodies other than anti-S11 was no greater than in the control (lane 1). S11 has a molecular mass of 13,728 Da (40) , and its isoelectric point is greater than 12 (19) .   FIG. 3 . Identification of r-protein S11 as the major methyl acceptor. (A) Major methyl acceptor copurified with 70S ribosomes. Ribosomes were isolated from logarithmic-phase E. coli JM109/p⌬blue cultures as described in Materials and Methods. Samples (3.6 g of protein) were methylated with PIMT and [
3 H]AdoMet and subjected to acidic pH SDS-PAGE followed by fluorography. Prior to methylation, the extracts were diluted in buffer such that the final magnesium and ammonium ion concentrations were 0.2 and 25 mM, respectively. A 48-h fluorogram is shown. Abbreviations: CE, crude extract; SU, supernatant after centrifugation of CE at 226,000 ϫ g for 3 h; 70S, 70S ribosomal fraction. (B) The major methyl acceptor was in the 30S subunit, and its methylation was blocked by magnesium. Purified 30S (8. a See Materials and Methods for a description of the methyl-accepting capacity assay. Final concentrations of isoaspartyl ␦-sleep-inducing peptide and PIMT were 1 and 2 M, respectively. Reactions were done in duplicate, and the average result is reported.
DISCUSSION
Isoaspartate in E. coli. It appears that isoaspartate in E. coli has two sources. One source, dominant in logarithmic-phase cells, resides almost exclusively in the 14-kDa protein we identified as r-protein S11. The second source is a group of highermass proteins that slowly accumulate isoaspartate during stationary phase. A rise in isoaspartate during stationary phase was anticipated previously by Li and Clarke, who suggested that isoaspartate accumulation might contribute to the loss of viability that occurs in stationary phase (24) . More recently, Visick et al. provided the first direct evidence that isoaspartate does indeed accumulate during stationary phase (38) . In that study, however, no comparisons were made between isoaspartate levels in early logarithmic and stationary phases and no information on the nature of the methyl-accepting species was reported.
PIMT from a mammalian source is likely to be better than a bacterial PIMT in detecting isoaspartate in proteins because it has a higher specific activity and recognizes isoaspartate in a wide variety of proteins and peptides. PIMT from E. coli has low activity toward proteins (23) and moderate activity toward an isoaspartyl-containing nonapeptide (8) .
Isoaspartate in r-protein S11. Twenty-one years ago, well before it was known that PIMT is selective for isoaspartate, Kim et al. (21) reported base-labile methylation of 30S E. coli r-proteins S3 and S9, and, possibly, S6 and S11. r-protein S3 has a molecular mass of 25,852 Da (40), which makes it an unlikely candidate for the 14-kDa methyl acceptor we have observed; however, S3 could be the less-pronounced methyl acceptor that migrated above the 21.5-kDa marker (Fig. 3A,  lane 3) . r-protein S6 has a molecular mass of 15,704 Da, but it is acidic (isoelectric point of 4.9). It would not have migrated into the Triton-acetic acid-urea-polyacrylamide gels, so although S6 may have a small amount of isoaspartate, we eliminated it as a candidate for the major methyl acceptor.
Our immunological results indicate that r-protein S11 was the major methyl-accepting protein in E. coli extracts. S11 is located on the platform region in the small (30S) subunit (29, 35) . This platform region faces the large (50S) subunit (22) and is believed to be involved with codon-anticodon recognition (see reference 29 and references therein).
Both magnesium and ammonium ions appeared to inhibit the in vitro methylation of S11 catalyzed by PIMT. Magnesium has been shown to stabilize 70S ribosomes and subunits in vitro (36) . At low (Ͻ2 mM) concentrations of magnesium, the 30S subunit becomes inactive with regard to the binding of PhetRNA (42) . This inactivity has been attributed to a magnesiumdependent conformational change. A decrease in the ammonium ion concentration also leads to the inactivation of the 30S subunit. Additionally, incubation temperature affects the activity state of subunits. 30S subunits that have been inactivated by decreasing the concentration of magnesium or ammonium ions can be reactivated by replenishing the missing cation and heating the mixture. Perhaps these changes in 30S subunit conformation are intimately involved in changes in the tertiary structure of S11, leading to different states of the protein which have various degrees of accessibility to PIMT. Our observation that E. coli cultures overproducing PIMT had significantly lower amounts of isoaspartate in S11 argues that the PIMTaccessible form of S11 does exist in vivo.
The mole fraction of isoaspartate in S11 is at least 30-fold higher than in the average mammalian or E. coli cytosolic protein. By measuring the picomoles of [ 3 H]methyl incorporated per microgram of ribosome protein and accounting for the known stoichiometry of S11 within the ribosome, we calculated that S11 contains approximately 0.5 mol of isoaspartate per mol of protein. The unusually high level of isoaspartate in S11 suggests that isoaspartate may be involved in the function of S11.
Do the E. coli and rat forms of PIMT have similar functions? One of the original goals of this study was to test the putative repair function of mammalian PIMT by observing the relationship between isoaspartate and PIMT levels in E. coli transformed with prIM or a control plasmid. The high PIMT activity afforded by expression of the rat enzyme in prIM cells led to a significant reduction in isoaspartate in S11 as well as in the higher-mass proteins that accumulated isoaspartate during stationary phase. The rat PIMT apparently recognizes and methylates the S11 isoaspartyl site even though the E. coli homologue may not. These findings lend strong support to the idea that mammalian PIMT converts atypical isoaspartyl peptide bonds back to normal linkages.
It is unclear at present whether the E. coli enzyme serves a similar repair function. Although inactivation of the PIMT gene in mice leads to premature death in conjunction with high isoaspartate levels (20, 41) , disruption of the E. coli PIMT gene alone has no marked effect on prolonged stationary-phase survival (37) nor does it lead to an increase in isoaspartate levels (38) . As noted by Visick et al. (38) , this unexpected result does not rule out a repair function for E. coli PIMT because other enzymes, such as proteases, may compensate for the loss of PIMT by rapidly degrading the abnormal isoaspartate-containing proteins. On the other hand, there is additional evidence that PIMT in E. coli differs functionally from its mammalian counterpart. First, as shown by Fu et al. (8) , the E. coli and mammalian forms of PIMT differ dramatically in their abilities to methylate ovalbumin relative to a synthetic isoaspartatecontaining peptide, suggesting that the E. coli enzyme recognizes a more restricted range of sequences than does the mammalian enzyme. Second, PIMT is apparently not required for all life forms, since it appears to be absent from several bacteria, including all gram-positive species tested (23) , and from the yeasts Schizosaccharomyces pombe and Saccharomyces cerevisiae (18) . Because isoaspartate repair enzymes are apparently not essential for all bacteria, it follows that the presence of the isoaspartate-modifying methyltransferase in E. coli could, in principle, have a function other than protein repair. Isoaspartyl sites are characterized by an atypical ␣-carboxyl group that resembles the ␣-carboxyl normally found only at the C terminus of a polypeptide (14, 28) . It seems possible that the E. coli PIMT is designed to modify isoaspartate-like carboxyl groups in a context unrelated to protein damage. Further studies on the substrate specificity of E. coli PIMT may provide important new insights as to its function and mechanism of action.
